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(57) ABSTRACT

One or more small spot showerhead apparatus are used to
provide dopant exposure and/or to deposit materials using
CVD, PECVD, ALD, or PEALD on small spots in a site
isolated, combinatorial manner. The small spot showerheads
may be configured within a larger combinatorial showerhead
to allow multi-layer film stacks to be deposited in a combi-
natorial manner. Anneal processes where the area of the pro-
cess can be controlled such as laser annealing or site-isolated
rapid thermal processing (RTP) can be used to vary the
annealing conditions in a combinatorial manner.
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1
COMBINATORIAL METHOD FOR SOLID
SOURCE DOPING PROCESS DEVELOPMENT

FIELD OF THE INVENTION

The present invention relates generally to methods for the
deposition of materials on site isolated regions of a substrate
in a combinatorial manner. The apparatus is operable to
deposit materials using chemical vapor deposition (CVD) or
atomic layer deposition (ALD) technologies. Additionally,
the apparatus is compatible with the plasma enhanced ver-
sions of these technologies (i.e. PECVD and PEALD).

BACKGROUND OF THE INVENTION

The manufacture of semiconductor devices, TFPV mod-
ules, optoelectronic devices, etc. entails the integration and
sequencing of many unit processing steps. As an example,
device manufacturing typically includes a series of process-
ing steps such as cleaning, surface preparation, deposition,
patterning, etching, thermal annealing, and other related unit
processing steps. The precise sequencing and integration of
the unit processing steps enables the formation of functional
devices meeting desired performance metrics such as effi-
ciency, power production, and reliability.

As part of the discovery, optimization and qualification of
each unit process, it is desirable to be able to 1) test different
materials, ii) test different processing conditions within each
unit process module, iii) test different sequencing and inte-
gration of processing modules within an integrated process-
ing tool, iv) test different sequencing of processing tools in
executing different process sequence integration flows, and
combinations thereof in the manufacture of devices such as
integrated circuits. In particular, there is a need to be able to
test 1) more than one material, ii) more than one processing
condition, iii) more than one sequence of processing condi-
tions, iv) more than one process sequence integration flow,
and combinations thereof, collectively known as “combina-
torial process sequence integration”, on a single monolithic
substrate without the need of consuming the equivalent num-
ber of monolithic substrates per material(s), processing con-
dition(s), sequence(s) of processing conditions, sequence(s)
of processes, and combinations thereof. This can greatly
improve both the speed and reduce the costs associated with
the discovery, implementation, optimization, and qualifica-
tion of material(s), process(es), and process integration
sequence(s) required for manufacturing.

Systems and methods for High Productivity Combinatorial
(HPC) processing are described in U.S. Pat. No. 7,544,574
filed on Feb. 10, 2006, U.S. Pat. No. 7,824,935 filed on Jul. 2,
2008, U.S. Pat. No. 7,871,928 filed on May 4, 2009, U.S. Pat.
No. 7,902,063 filed on Feb. 10, 2006, and U.S. Pat. No.
7,947,531 filed on Aug. 28, 2009 which are all herein incor-
porated by reference. Systems and methods for HPC process-
ing are further described in U.S. patent application Ser. No.
11/352,077 filed on Feb. 10, 2006, claiming priority from Oct.
15,2005, U.S. patent application Ser. No. 11/419,174 filed on
May 18, 2006, claiming priority from Oct. 15, 2005, U.S.
patent application Ser. No. 11/674,132 filed on Feb. 12,2007,
claiming priority from Oct. 15, 2005, and U.S. patent appli-
cation Ser. No. 11/674,137 filed on Feb. 12, 2007, claiming
priority from Oct. 15, 2005 which are all herein incorporated
by reference.

HPC processing techniques have been successfully
adapted to wet chemical processing such as etching and
cleaning. HPC processing techniques have also been success-
fully adapted to deposition processes such as physical vapor
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deposition (PVD), atomic layer deposition (ALD), and
chemical vapor deposition (CVD). However, the CVD and
ALD adaptations of HPC techniques generally deposit mate-
rials on relatively large areas of the substrate. As an example,
ALD deposition on a quarter of the substrate is common.
However, it is desirable to deposit materials on a substrate
using CVD or ALD in a site isolated manner wherein the size
of'the region is very small relative to the substrate. Therefore,
there is a need to develop methods that enable the deposition
of materials using CVD, PECVD, ALD, or PEALD on small
spots in a site isolated, combinatorial manner to form multi-
layer film stacks.

SUMMARY OF THE DISCLOSURE

The following summary of the invention is included in
order to provide a basic understanding of some aspects and
features of the invention. This summary is not an extensive
overview of the invention and as such it is not intended to
particularly identify key or critical elements of the invention
orto delineate the scope of the invention. Its sole purpose is to
present some concepts of the invention in a simplified form as
a prelude to the more detailed description that is presented
below.

Insome embodiments of the present invention, one or more
small spot showerhead apparatus are used to provide dopant
exposure and/or to deposit materials using CVD, PECVD,
ALD, or PEALD on small spots in a site isolated, combina-
torial manner. The small spot showerheads may be configured
within a larger combinatorial showerhead to allow multi-
layer film stacks to be deposited in a combinatorial manner.
Anneal processes where the area of the process can be con-
trolled such as laser annealing or site-isolated rapid thermal
processing (RTP) can be used to vary the annealing condi-
tions in a combinatorial manner.

BRIEF DESCRIPTION OF THE DRAWINGS

To facilitate understanding, identical reference numerals
have been used, where possible, to designate identical ele-
ments that are common to the figures. The drawings are not to
scale and the relative dimensions of various elements in the
drawings are depicted schematically and not necessarily to
scale.

The techniques of the present invention can readily be
understood by considering the following detailed description
in conjunction with the accompanying drawings, in which:

FIG. 1 is a schematic diagram for implementing combina-
torial processing and evaluation.

FIG. 2 is a schematic diagram for illustrating various pro-
cess sequences using combinatorial processing and evalua-
tion.

FIG. 3 illustrates an example of a large area ALD or CVD
showerhead used for combinatorial processing.

FIG. 4 illustrates a bottom view of two examples of a small
spot showerhead apparatus in accordance with some embodi-
ments of the present invention.

FIG. 5 illustrates one example of a pattern of site isolated
regions that can be processed using a small spot showerhead
apparatus in accordance with some embodiments of the
present invention.

FIG. 6 illustrates a side view of two examples of a small
spot showerhead apparatus in accordance with some embodi-
ments of the present invention.

FIG. 7 illustrates a bottom view of two examples of a small
spot showerhead apparatus in accordance with some embodi-
ments of the present invention.
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FIG. 8 presents a flow chart for methods according to some
embodiments.

FIGS. 9A-9E illustrates an exemplary sequence for form-
ing film stacks according to some embodiments.

DETAILED DESCRIPTION

A detailed description of one or more embodiments is
provided below along with accompanying figures. The
detailed description is provided in connection with such
embodiments, but is not limited to any particular example.
The scope is limited only by the claims and numerous alter-
natives, modifications, and equivalents are encompassed.
Numerous specific details are set forth in the following
description in order to provide a thorough understanding.
These details are provided for the purpose of example and the
described techniques may be practiced according to the
claims without some or all of these specific details. For the
purpose of clarity, technical material that is known in the
technical fields related to the embodiments has not been
described in detail to avoid unnecessarily obscuring the
description.

Before various embodiments are described in detail, itis to
be understood that unless otherwise indicated, this invention
is not limited to specific layer compositions or surface treat-
ments. It is also to be understood that the terminology used
herein is for the purpose of describing particular embodi-
ments only and is not intended to limit the scope of the present
invention.

It must be noted that as used herein and in the claims, the
singular forms “a,” “an” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for
example, reference to “a layer” includes two or more layers,
and so forth.

Where a range of values is provided, it is understood that
each intervening value, to the tenth of the unit of the lower
limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range, and any other stated or
intervening value in that stated range, is encompassed within
the invention. The upper and lower limits of these smaller
ranges may independently be included in the smaller ranges,
and are also encompassed within the invention, subject to any
specifically excluded limit in the stated range. Where the
stated range includes one or both of the limits, ranges exclud-
ing either or both of those included limits are also included in
the invention. The term “about” generally refers to £10% of a
stated value.

The term “substrate’ as used herein may refer to any work-
piece on which formation or treatment of material layers is
desired. Substrates may include, without limitation, float
glass, low-iron glass, borosilicate glass, display glass, alka-
line earth boro-aluminosilicate glass, fusion drawn glass,
flexible glass, specialty glass for high temperature process-
ing, polyimide, plastics, polyethylene terephthalate (PET),
etc. for either applications requiring transparent or non-trans-
parent substrate functionality.

The term “horizontal” as used herein will be understood to
be defined as a plane parallel to the plane or surface of the
substrate, regardless of the orientation of the substrate. The
term “vertical” will refer to a direction perpendicular to the
horizontal as previously defined. Terms such as “above”,
“below”, “bottom”, “top”, “side” (e.g. sidewall), “higher”,
“lower”, “upper”, “over”, and “under”, are defined with
respect to the horizontal plane. The term “on” means there is
direct contact between the elements. The term “above” will
allow for intervening elements.
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As used herein, a material (e.g. a dielectric material or an
electrode material) will be considered to be “crystalline” if it
exhibits greater than or equal to 30% crystallinity as mea-
sured by a technique such as x-ray diffraction (XRD).

As used herein, the terms “film” and “layer” will be under-
stood to represent a portion of a stack. They will be under-
stood to cover both a single layer as well as a multilayered
structure (i.e. a nanolaminate). As used herein, these terms
will be used synonymously and will be considered equivalent.

As used herein, the phrase “site-isolated region” (SIR) will
be understood to refer to two or more regions defined on a
substrate that are separated from each other and used for the
evaluation of different materials or process parameters. The
SIRs can be formed using many different methods such as
scribing, deposition through a shadow mask, deposition using
isolated deposition heads, lithography, and the like. The
present disclosure is not limited by the method used to form
the SIRs.

FIG. 1illustrates a schematic diagram, 100, for implement-
ing combinatorial processing and evaluation using primary,
secondary, and tertiary screening. The schematic diagram,
100, illustrates that the relative number of combinatorial pro-
cesses run with a group of substrates decreases as certain
materials and/or processes are selected. Generally, combina-
torial processing includes performing a large number of pro-
cesses during a primary screen, selecting promising candi-
dates from those processes, performing the selected
processing during a secondary screen, selecting promising
candidates from the secondary screen for a tertiary screen,
and so on. In addition, feedback from later stages to earlier
stages can be used to refine the success criteria and provide
better screening results.

For example, thousands of materials are evaluated during a
materials discovery stage, 102. Materials discovery stage,
102, is also known as a primary screening stage performed
using primary screening techniques. Primary screening tech-
niques may include dividing substrates into coupons and
depositing materials using varied processes. The materials
are then evaluated, and promising candidates are advanced to
the secondary screen, or materials and process development
stage, 104. Evaluation of the materials is performed using
metrology tools such as electronic testers and imaging tools
(i.e., microscopes).

The materials and process development stage, 104, may
evaluate hundreds of materials (i.e., a magnitude smaller than
the primary stage) and may focus on the processes used to
deposit or develop those materials. Promising materials and
processes are again selected, and advanced to the tertiary
screen or process integration stage, 106, where tens of mate-
rials and/or processes and combinations are evaluated. The
tertiary screen or process integration stage, 106, may focus on
integrating the selected processes and materials with other
processes and materials.

The most promising materials and processes from the ter-
tiary screen are advanced to device qualification, 108. In
device qualification, the materials and processes selected are
evaluated for high volume manufacturing, which normally is
conducted on full substrates within production tools, but need
not be conducted in such a manner. The results are evaluated
to determine the efficacy of the selected materials and pro-
cesses. If successful, the use of the screened materials and
processes can proceed to pilot manufacturing, 110.

The schematic diagram, 100, is an example of various
techniques that may be used to evaluate and select materials
and processes for the development of new materials and pro-
cesses. The descriptions of primary, secondary, etc. screening
and the various stages, 102-110, are arbitrary and the stages
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may overlap, occur out of sequence, be described and be
performed in many other ways.

This application benefits from High Productivity Combi-
natorial (HPC) techniques described in U.S. patent applica-
tion Ser. No. 11/674,137 filed on Feb. 12, 2007 which is
hereby incorporated for reference in its entirety. Portions of
the *137 application have been reproduced below to enhance
the understanding of the present invention. The embodiments
described herein enable the application of combinatorial
techniques to process sequence integration in order to arrive
at a globally optimal sequence of semiconductor devices,
TFPV modules, optoelectronic devices, etc. manufacturing
operations by considering interaction effects between the unit
manufacturing operations, the process conditions used to
effect such unit manufacturing operations, hardware details
used during the processing, as well as materials characteris-
tics of components utilized within the unit manufacturing
operations. Rather than only considering a series of local
optimums, i.e., where the best conditions and materials for
each manufacturing unit operation is considered in isolation,
the embodiments described below consider interactions
effects introduced due to the multitude of processing opera-
tions that are performed and the order in which such multitude
of processing operations are performed when fabricating a
semiconductor devices, TFPV modules, optoelectronic
devices, etc. device. A global optimum sequence order is
therefore derived and as part of this derivation, the unit pro-
cesses, unit process parameters and materials used in the unit
process operations of the optimum sequence order are also
considered.

The embodiments described further analyze a portion or
sub-set of the overall process sequence used to manufacture
semiconductor devices, TFPV modules, optoelectronic
devices, etc. Once the subset of the process sequence is iden-
tified for analysis, combinatorial process sequence integra-
tion testing is performed to optimize the materials, unit pro-
cesses, hardware details, and process sequence used to build
that portion of the device or structure. During the processing
of some embodiments described herein, structures are formed
on the processed substrate that are equivalent to the structures
formed during actual production of the semiconductor
devices, TFPV modules, optoelectronic devices, etc. For
example, such structures may include, but would not be lim-
ited to, contact layers, buffer layers, absorber layers, or any
other series of layers or unit processes that create an interme-
diate structure found on semiconductor devices, TFPV mod-
ules, optoelectronic devices, etc. While the combinatorial
processing varies certain materials, unit processes, hardware
details, or process sequences, the composition or thickness of
the layers or structures or the action of the unit process, such
as cleaning, surface preparation, deposition, surface treat-
ment, etc. is substantially uniform through each discrete
region. Furthermore, while different materials or unit pro-
cesses may be used for corresponding layers or steps in the
formation of a structure in different regions of the substrate
during the combinatorial processing, the application of each
layer or use of a given unit process is substantially consistent
or uniform throughout the different regions in which it is
intentionally applied. Thus, the processing is uniform within
aregion (inter-region uniformity) and between regions (intra-
region uniformity), as desired. It should be noted that the
process can be varied between regions, for example, where a
thickness of a layer is varied or a material may be varied
between the regions, etc., as desired by the design of the
experiment.

The resultis a series of regions on the substrate that contain
structures or unit process sequences that have been uniformly
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applied within that region and, as applicable, across different
regions. This process uniformity allows comparison of the
properties within and across the different regions such that the
variations in test results are due to the varied parameter (e.g.,
materials, unit processes, unit process parameters, hardware
details, or process sequences) and not the lack of process
uniformity. In the embodiments described herein, the posi-
tions of the discrete regions on the substrate can be defined as
needed, but are preferably systematized for ease of tooling
and design of experimentation. In addition, the number, vari-
ants and location of structures within each region are
designed to enable valid statistical analysis of the test results
within each region and across regions to be performed.

FIG. 2 is a simplified schematic diagram illustrating a
general methodology for combinatorial process sequence
integration that includes site isolated processing and/or con-
ventional processing in accordance with one embodiment of
the invention. In one embodiment, the substrate is initially
processed using conventional process N. In one exemplary
embodiment, the substrate is then processed using site iso-
lated process N+1. During site isolated processing, an HPC
module may be used, such as the HPC module described in
U.S. patent application Ser. No. 11/352,077 filed on Feb. 10,
2006. The substrate can then be processed using site isolated
process N+2, and thereafter processed using conventional
process N+3. Testing is performed and the results are evalu-
ated. The testing can include physical, chemical, acoustic,
magnetic, electrical, optical, etc. tests. From this evaluation, a
particular process from the various site isolated processes
(e.g. from steps N+1 and N+2) may be selected and fixed so
that additional combinatorial process sequence integration
may be performed using site isolated processing for either
process N or N+3. For example, a next process sequence can
include processing the substrate using site isolated process N,
conventional processing for processes N+1, N+2, and N+3,
with testing performed thereafter.

It should be appreciated that various other combinations of
conventional and combinatorial processes can be included in
the processing sequence with regard to FIG. 2. That is, the
combinatorial process sequence integration can be applied to
any desired segments and/or portions of an overall process
flow. Characterization, including physical, chemical, acous-
tic, magnetic, electrical, optical, etc. testing, can be per-
formed after each process operation, and/or series of process
operations within the process flow as desired. The feedback
provided by the testing is used to select certain materials,
processes, process conditions, and process sequences and
eliminate others. Furthermore, the above flows can be applied
to entire monolithic substrates, or portions of monolithic
substrates such as coupons.

Under combinatorial processing operations the processing
conditions at different regions can be controlled indepen-
dently. Consequently, process material amounts, reactant
species, processing temperatures, processing times, process-
ing pressures, processing flow rates, processing powers, pro-
cessing reagent compositions, the rates at which the reactions
are quenched, deposition order of process materials, process
sequence steps, hardware details, etc., can be varied from
region to region on the substrate. Thus, for example, when
exploring materials, a processing material delivered to a first
and second region can be the same or different. If the pro-
cessing material delivered to the first region is the same as the
processing material delivered to the second region, this pro-
cessing material can be offered to the first and second regions
on the substrate at different concentrations. In addition, the
material can be deposited under different processing param-
eters. Parameters which can be varied include, but are not
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limited to, process material amounts, reactant species, pro-
cessing temperatures, processing times, processing pres-
sures, processing flow rates, processing powers, processing
reagent compositions, the rates at which the reactions are
quenched, atmospheres in which the processes are conducted,
an order in which materials are deposited, hardware details of
the gas distribution assembly, etc. It should be appreciated
that these process parameters are exemplary and not meant to
be an exhaustive list as other process parameters commonly
used in semiconductor device, TFPV module, optoelectronic
device, etc. manufacturing may be varied.

FIG. 3 illustrates an example of a large area ALD or CVD
showerhead, 300, used for combinatorial processing. Details
of this type of showerhead and its use may be found in U.S.
patent application Ser. No. 12/013,729 entitled “Vapor Based
Combinatorial Processing” filed on Jan. 14, 2008 and claim-
ing priority to Provisional Application No. 60/970,199 filed
on Sep. 5, 2001, U.S. patent application Ser. No. 12/013,759
entitled “Vapor Based Combinatorial Processing” filed on
Jan. 14,2008 and claiming priority to Provisional Application
No. 60/970,199 filed on Sep. 5, 2001, and U.S. patent appli-
cation Ser. No. 12/205,578 entitled “Vapor Based Combina-
torial Processing” filed on Sep. 5, 2008 which is a Continu-
ation application of the U.S. patent application Ser. No.
12/013,729 and claiming priority to Provisional Application
No. 60/970,199 filed on Sep. 5, 2001, all of which are herein
incorporated by reference.

The large area ALD or CVD showerhead, 300, illustrated
in FIG. 3 comprises four regions, 302, used to deposit mate-
rials on a substrate. As an example, in the case of a round
substrate, four different materials and/or process conditions
could be used to deposit materials in each of the four quad-
rants of the substrate (not shown). Precursor gases, reactant
gases, purge gases, etc. are introduced into each of the four
regions of the showerhead through gas inlet conduits 306a-
306d. For simplicity, the four regions, 302, of showerhead,
300, have been illustrated as being a single chamber. Those
skilled in the art will understand that each region, 302, of
showerhead, 300, may be designed to have two or more
isolated gas distribution systems so that multiple reactive
gases may be kept separated until they react at the substrate
surface. Also for simplicity, on a single gas inlet conduit,
306a-3064, is illustrated for each of the four regions. Those
skilled in the art will understand that each region, 302, of
showerhead, 300, may have multiple gas inlet conduits. The
gases exit each region, 302, of showerhead, 300, through
holes, 304, in the bottom of the showerhead. The gases then
travel to the substrate surface and react at the surface to
deposit a material, etch an existing material on the surface,
clean contaminants found on the surface, react with the sur-
face to modify the surface in some way, etc. The showerhead
illustrated in FIG. 3 is operable to be used with any of a CVD,
PECVD, ALD, or PEALD technology.

As discussed previously, showerhead, 300, in FIG. 3
results in a deposition (or other process type) on a relatively
large region of the substrate. In this example, a quadrant of the
substrate. To address the limitations of the combinatorial
showerhead illustrated in FIG. 3, small spot showerheads
have been designed as illustrated in FIG. 4. FIG. 4 illustrates
a bottom view of two examples of a small spot showerhead
apparatus in accordance with some embodiments of the
present invention. The small spot showerhead configuration,
A, illustrated in FIG. 4 comprises a single gas distribution
port, 402, in the center of the showerhead for delivering
reactive gases to the surface of the substrate. The small size of
the small spot showerhead and the behavior of the technolo-
gies envisioned to use this showerhead ensure that the unifor-
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mity of the process on the substrate is adequate using the
single gas distribution port. However, the small spot shower-
head configuration, B, illustrated in FIG. 4 comprises a plu-
rality of gas distribution ports, 408, for delivering reactive
gases to the surface of the substrate. This configuration can be
used to improve the uniformity of the process on the substrate
if required.

Each small spot showerhead is surrounded by a plurality of
purge holes, 404. The purge holes introduce inert purge gases
(i.e. Ar, N,, etc.) around the periphery of each small spot
showerhead to insure that the regions under each showerhead
can be processed in a site isolated manner. The gases, both the
reactive gases and the purge gases, are exhausted from the
process chamber through exhaust channels, 406, that sur-
round each of the showerheads. The combination of the purge
holes, 404, and the exhaust channels, 406, ensure that each
region under each showerhead can be processed in a site
isolated manner. The diameter of the small spot showerhead
(i.e. the diameter of the purge ring) can vary between about 40
mm and about 100 mm. Advantageously, the diameter of the
small spot showerhead is about 65 mm.

Using a plurality of small spot showerheads as illustrated in
FIG. 4 allows a substrate to be processed in a combinatorial
manner wherein different parameters can be varied as dis-
cussed above. Examples of the parameters comprise process
material composition, process material amounts, reactant
species, processing temperatures, processing times, process-
ing pressures, processing flow rates, processing powers, pro-
cessing reagent compositions, the rates at which the reactions
are quenched, atmospheres in which the processes are con-
ducted, an order in which materials are deposited, etc. FIG. 5
illustrates one example of a pattern of site isolated regions
that can be processed using a small spot showerhead appara-
tus in accordance with some embodiments of the present
invention. In FIG. 5, the substrate is still generally divided
into four quadrants and within each quadrant, three site iso-
lated regions can be processed using small spot showerheads
as illustrated in FIG. 4, yielding twelve site isolated regions
on the substrate. Therefore, in this example, twelve indepen-
dent experiments could be performed on a single substrate.

FIG. 6 illustrates a side view of two examples of a small
spot showerhead apparatus in accordance with some embodi-
ments of the present invention. For illustration purposes, two
small spot showerhead assemblies are shown. As discussed
previously, any number of spot showerhead assemblies may
beused, limited only by practical constraints such as chamber
size, small spot showerhead assembly size, substrate size, etc.
In FIG. 6, two small spot showerheads, 602, are illustrated as
being mounted on the bottom of a chamber lid, 604. The
showerheads will be as described previously with respect to
FIG. 4. Each small spot showerhead assembly will have an
independent gas distribution system. Valves to control the
introduction of the purge gas to the purge holes (404 in FIG.
4) are illustrated at 606. Each showerhead assembly will have
independent purge capability. The conduits that deliver the
gases to showerhead assemblies are not shown for simplicity.
Each showerhead assembly will have a ring of independent
exhaust holes (406 in FIG. 4). The manifolds for the exhaust
rings are illustrated at 608. The reactive gases are delivered to
each showerhead assembly through a gas delivery manifold,
610. Each showerhead assembly will have an independent gas
delivery manifold. The configuration illustrated in FIG. 6
delivers two reactive gases to each showerhead assembly. A
first reactive gas is introduced through valve, 612. A second
reactive gas is introduced through valve, 614. Additionally,
each gas delivery manifold will have a purge capability
wherein an inert gas is used to purge the manifold and is



US 9,082,729 B2

9

introduced through valve, 616. The details of the construction
of the manifolds, the valves, and the gas delivery are well
known in the art and will not be described herein in detail.
Although two reactive gases are illustrated in FIG. 6, those
skilled in the art will understand that any number of reactive
gases may be supplied to gas delivery manifold, 610, for
introduction into the process chamber.

FIG. 7 illustrates a bottom view of two examples of a small
spot showerhead apparatus in accordance with some embodi-
ments of the present invention. FIG. 7 gives an additional
perspective of the small spot showerheads mounted on or
integrated into the chamber lid, 604 and their associated gas
delivery systems. [llustrated in FIG. 7 are the gas distribution
holes, 402, the purge holes, 404, and the exhaust channels,
406. Also illustrated is one of the valves, 606, for the purge
holes.

Although the chamber lid, 604, is illustrated as being solid
in FIG. 7, in some embodiments of the present invention, the
chamber lid comprises large area, combinatorial showerhead
sections as discussed previously with respect to FIG. 3. In this
configuration, large area (i.e. quadrant) processing can be
combined with the small spot processing to allow multilayer
films stacks to be screened in a combinatorial manner as
discussed previously. Apparatus of combining large area (i.e.
quadrant) processing with the small spot processing are
described in U.S. patent application Ser. No. 13/302,097,
filed on Nov. 22, 2011 and is herein incorporated by reference
for all purposes.

FIG. 8 presents a flow chart for methods according to some
embodiments. In step 802, a substrate is provided to a process
chamber and an in-situ clean process is performed on a sur-
face of the substrate. The substrate may be any one of a
silicon, germanium, silicon-germanium alloy, or III-V sub-
strate. In some embodiments, the substrate (e.g. silicon) may
have one or more semiconductor layers (e.g. germanium or
silicon-germanium alloy) deposited thereon. The substrate
(or the semiconductor layer(s) may be n-type or p-type. Con-
tinuing with step 802, the in-situ clean process may be one or
more of a plasma clean or a vapor clean. The in-situ clean
process removes native oxide materials and other contami-
nants from the surface and prepares the surface for subse-
quent processing.

In step 804, dopants are adsorbed onto the cleaned surface
of the substrate. Examples of suitable dopants for silicon,
germanium, and silicon-germanium alloys include phospho-
rous, boron, and arsenic. Typical sources for these dopants
include phosphine, diborane, and arsine. Examples of suit-
able dopants for I1I-V compounds include silicon, and sulfur.
Typical sources for these dopants include silane, disilane,
trisilane, and hydrogen sulfide. The dopants are delivered in
the gas phase through a large area showerhead apparatus as
discussed previously. Process parameters such as the dopant
composition, dopant concentration, dopant source gas, and
exposure time can be varied in a combinatorial manner as
discussed previously.

In step 806, a capping layer of silicon dioxide is deposited
above the adsorbed dopant. The silicon dioxide capping layer
may have a thickness of about 3 nm. The silicon dioxide
capping layer is operable to prevent the loss of the dopant
species during subsequent processing.

In step 808, the site-isolated regions of the substrate are
annealed (e.g. for between about 1 second and 30 seconds) to
drive the dopants into the substrate and/or the semiconductor
layer, and to activate the dopants. Anneal processes where the
area of the process can be controlled such as laser annealing
or site-isolated rapid thermal processing (RTP) can be used.
Methods and apparatus for using site-isolated rapid thermal
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10
processing (RTP) are described in co-owned and co-pending
U.S. patent application Ser. No. 13/722,624, filed on Dec. 20,
2012. Process parameters such as temperature, duration,
power and temperature ramp rate can be varied in a combi-
natorial manner among the site-isolated regions.

In step 810, metal layers can be deposited in the site-
isolated regions using a physical vapor deposition technique
such as sputtering, e-beam evaporation, or pulsed laser depo-
sition and a shadow mask. Examples of suitable metals layers
include titanium nitride, molybdenum, molybdenum nitride,
and aluminum. The metal layers are operable as an electrode.
The metal layers may include a substantially pure metal or
may include conductive metal compounds such as conductive
metal nitride materials. Process parameters such as metal
composition, metal compound composition, and thickness
may be varied in a combinatorial manner. As an example,
different metals having different work functions can be var-
ied.

In step 812, Capacitance-Voltage (C-V) measurements are
made in each site-isolated region to determine the effective-
ness of the doping process.

FIGS. 9A-9E illustrate an exemplary sequence for forming
film stacks according to some embodiments. A sequence for
forming a simple film stack comprising a substrate, a dielec-
tric material, and an electrode material to form a simple
capacitor stack will be used as an example. Those skilled in
the art will understand that the substrate may already have
several layers and/or structures formed thereon. FIG. 9A
begins with the substrate, 902, wherein the substrate (or a
previous material deposited thereon) is operable as a first
electrode of the capacitor stack. In FIG. 9A, the surface of the
substrate has been subjected to an in-situ clean process as
discussed previously.

In FIG. 9B, the substrate is exposed to four alternatives of
a dopant as discussed previously. As illustrated in FIG. 9B,
the four alternatives are formed in each of four sections,
904A-904D, across the substrate surface respectively. This
may be accomplished using a combinatorial deposition
chamber. In the combinatorial deposition chamber, each of
the large area showerhead sections, (i.e. as described previ-
ously), would be used to deposit one of the four alternatives
on the substrate. Process parameters such as the dopant com-
position, dopant concentration, dopant source gas, and expo-
sure time can be varied in a combinatorial manner as dis-
cussed previously.

In FIG. 9C, a capping layer of silicon dioxide, 906, is
deposited above the adsorbed dopant across the entire sub-
strate. The silicon dioxide capping layer may have a thickness
of'about 3 nm. The silicon dioxide capping layer is operable
to prevent the loss of the dopant species during subsequent
processing.

In FIG. 9D, site-isolated regions of the substrate, 908 (1-»),
are annealed to drive the dopants into the substrate and/or the
semiconductor layer, and to activate the dopants. Anneal pro-
cesses where the area of the process can be controlled such as
laser annealing or site-isolated rapid thermal annealing (RTA)
can be used. FIG. 9D illustrates twelve annealing experi-
ments. Process parameters such as temperature, duration,
power and temperature ramp rate can be varied in a combi-
natorial manner among the site-isolated regions. In some
embodiments, the varying of the process parameters includes
not annealing a site-isolated region.

In FIG. 9E, metal layers can be deposited in the site-
isolated regions, 910 (1-7), using a physical vapor deposition
technique such as sputtering, e-beam evaporation, or pulsed
laser deposition and a shadow mask. The metal layers are
operable as an electrode of a simple metal-insulator-semicon-
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ductor (MIS) capacitor. The metal layers may include a sub-
stantially pure metal or may include conductive metal com-
pounds such as conductive metal nitride materials. As
illustrated in FIG. 9E, the metal layer is deposited in small
spots using a plurality of the small spot showerhead apparatus
described previously. Advantageously, the plurality of small
spot showerhead apparatus are integrated into large area,
quadrant showerheads as described previously. F1G. 9E illus-
trates twelve metal electrode experiments. Process param-
eters such as metal composition, metal compound composi-
tion, and thickness may be varied in a combinatorial manner.
As an example, different metals having different work func-
tions can be varied.

Capacitance-Voltage (C-V) measurements are made in
each site-isolated region to determine the effectiveness of the
doping process. Each of the twelve MIS capacitors would
then be tested to determine the optimum doping material
and/or processing conditions. Typical tests may comprise
measuring capacitance as a function of applied voltage (i.e.
C-V curve), measuring current as a function of applied volt-
age (i.e. I-V curve), measuring the concentration and energy
levels of traps or interface states, measuring the concentration
and mobility of charge carriers, etc.

FIGS. 9A-9E used a simple capacitor stack to illustrate
various deposition sequences for forming film stacks. These
methods may be applied to specific devices that are of tech-
nological importance.

Although the foregoing examples have been described in
some detail for purposes of clarity of understanding, the
invention is not limited to the details provided. There are
many alternative ways of implementing the invention. The
disclosed examples are illustrative and not restrictive.

What is claimed:
1. A method for doping in a combinatorial manner, the
method comprising:
providing a substrate;
applying an in-situ clean to a surface of the substrate;
after the applying, exposing one or more first site-isolated
regions on the surface of the substrate to a dopant,
wherein the exposing can be varied in a combinatorial
manner;
after the exposing, forming a silicon dioxide layer above
each of the first site-isolated regions;
after the forming, annealing one or more second site-iso-
lated regions defined within each of the first site-isolated
regions using one of laser annealing or site-isolated
rapid thermal annealing, wherein the annealing can be
varied in a combinatorial manner;
after the annealing, depositing a conductive layer within
each of the second site-isolated regions, wherein the
depositing can be varied in a combinatorial manner; and
after the depositing, measuring a property within each of
the second site-isolated regions.
2. The method of claim 1 wherein the substrate is one of
silicon, germanium or a silicon-germanium alloy.
3. The method of claim 1 wherein an area of each of the
second site-isolated regions is smaller than an area of each of
the first site-isolated regions.
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4. The method of claim 1 wherein a composition of the
dopant is varied between at least two of the first isolated
regions.

5. The method of claim 1 wherein a concentration of the
dopant is varied between at least two of the first isolated
regions.

6. The method of claim 1 wherein a source gas of the
dopant is varied between at least two of the first isolated
regions.

7. The method of claim 1 wherein an exposure time of the
dopant is varied between at least two of the first isolated
regions.

8. The method of claim 1 wherein the annealing comprises
laser annealing and a temperature of the annealing is varied
between at least two of the second isolated regions.

9. The method of claim 1 wherein the annealing comprises
laser annealing and a time of the annealing is varied between
at least two of the second isolated regions.

10. The method of claim 1 wherein the annealing com-
prises laser annealing and a temperature ramp rate of the
annealing is varied between at least two of the second isolated
regions.

11. The method of claim 1 wherein the annealing com-
prises laser annealing and a power of the annealing is varied
between at least two of the second isolated regions.

12. The method of claim 1 wherein the annealing com-
prises site-isolated rapid thermal processing and a tempera-
ture of the annealing is varied between at least two of the
second isolated regions.

13. The method of claim 1 wherein the annealing com-
prises site-isolated rapid thermal processing and a time of the
annealing is varied between at least two of the second isolated
regions.

14. The method of claim 1 wherein the annealing com-
prises site-isolated rapid thermal processing and a tempera-
ture ramp rate of the annealing is varied between at least two
of'the second isolated regions.

15. The method of claim 1 wherein the annealing com-
prises site-isolated rapid thermal processing and a power of
the annealing is varied between at least two of the second
isolated regions.

16. The method of claim 1 wherein the conductive layer is
a metal and a composition of the metal is varied between at
least two of the second isolated regions.

17. The method of claim 1 wherein the conductive layer is
a metal compound and a concentration of the metal is varied
between at least two of the second isolated regions.

18. The method of claim 1 wherein a thickness of the
conductive layer is varied between at least two of the second
isolated regions.

19. The method of claim 1 wherein the measuring of the
property comprises measuring at least one of: capacitance as
a function of applied voltage, current as a function of applied
voltage, concentration and energy levels of traps or interface
states, or concentration and mobility of charge carriers.

20. The method of claim 19 wherein the measuring of the
property comprises measuring capacitance as a function of
applied voltage.



